Mitochondrial alternative oxidase (AOX), the unique respiratory terminal oxidase in plants, catalyzes the energywasteful cyanide (CN)-resistant respiration. Although it has been demonstrated that leaf AOX is up-regulated under highlight (HL) conditions, the in vivo mechanism of AOX up-regulation by light is still unknown. In the present study, we examined whether the photo-oxidative stress in the chloroplast modulates mitochondrial respiratory properties, especially the AOX capacity, using Arabidopsis leafvariegated mutant yellow variegated 2 (var2) and exposing plants to HL. var2 mutants lack FtsH2 metalloprotease required for the repair of damaged PSII. Indeed, var2-1 suffered from photo-oxidative stress even before the HL treatments. While the activities of tricarboxylic acid cycle enzymes and cytochrome c oxidase in var2-1 were almost identical to those in the wild type, the amount of AOX protein and the CN-resistant respiration rate were higher in var2-1. Real-time PCR analysis revealed that HL treatment induced the expression of some energy-dissipating respiratory genes, including AOX1a, NDB2 and UCP5, more strongly in var2-1. Western blotting using var2-1 leaf extracts specific to green or white sectors, containing functional or non-functional photosynthetic apparatus, respectively, revealed that more AOX protein was induced in the green sectors by the HL treatment. These results indicate that photo-oxidative stress by excess light is involved in the regulation of respiratory gene expression and the modulation of respiratory properties, especially the AOX up-regulation.
Introduction
Plant mitochondria function as a cellular energy source by operating respiratory machineries common to most eukaryotic organisms. In addition, they possess an energydissipating cyanide (CN)-resistant respiratory pathway mediated by the alternative oxidase (AOX; Umbach 2000, Day 2004) . AOX apparently catalyzes an energy-wasteful respiration, and its physiological significance has been controversial for a long time Ordog 2002, Finnegan et al. 2004) .
It has been suggested that AOX plays an essential role in efficient dissipation of excess cellular reducing equivalents (Noctor et al. 2007 ). This AOX function may be more important under high-light (HL) conditions, because the photochemical reactions in the thylakoid membrane generate excess reducing equivalents, leading to cellular overreduction (Scheibe 2004 , Scheibe et al. 2005 , Yoshida et al. 2007 . AOX may also be important in the photorespiratory metabolism which generates substantial amounts of NADH via glycine oxidation in the mitochondrion (Igamberdiev et al. 1997 , Gardestro¨m et al. 2002 . Thus, AOX appears to contribute to protection against photo-inhibition in plants.
It has been shown that AOX transcript level, AOX protein and electron partitioning to AOX increase in leaves under HL conditions (Finnegan et al. 1997 , Ribas-Carbo et al. 2000 , Noguchi et al. 2001 , Svensson and Rasmusson 2001 , Noguchi et al. 2005 , Yoshida et al. 2007 ). Thus, it is evident that AOX is up-regulated under HL conditions, but the in vivo mechanisms responsible for increased AOX expression under such conditions are still unclear. Several in vitro studies demonstrated that an exogenous application Fax, Present address: Department of Biological Sciences, Graduate School of Science, The University of Tokyo, 7-3-1 Hongo, Tokyo, of hydrogen peroxide (H 2 O 2 ) and/or antimycin A (an inhibitor of the Cyt bc 1 complex in the respiratory chain) induces AOX expression in cultured cells (Wagner 1995 , Vanlerberghe and McIntosh 1996 , Gray et al. 2004 ). These results suggest that mitochondrial reactive oxygen species (ROS) production is the critical factor for the induction of AOX expression , Rhoads et al. 2006 . However, this idea may not necessarily be true in illuminated leaves, because they contain chloroplasts which are more susceptible to light energy and are the major sites of ROS generation in the light . The respiratory system in illuminated leaves is closely related to photosynthesis (Gardestro¨m et al. 2002 , Raghavendra and Padmasree 2003 , Yoshida et al. 2006 , Noctor et al. 2007 , and, therefore, it is possible that perturbation of photosynthesis and the resulting photooxidative stress affect the mitochondrial respiratory properties and AOX capacity.
In the present study, we examined whether the photooxidative stress in the chloroplast modulates mitochondrial respiratory properties, especially the AOX capacity, using the Arabidopsis leaf-variegated mutant yellow variegated 2 (var2). In spite of an identical genetic background, var2 mutants exhibit green and white sectors in their leaves (Chen et al. 2000 , Takechi et al. 2000 , Yu et al. 2004 , Zaltsman et al. 2005 ). Due to the deficiency in FtsH2 metalloprotease required for the repair of damaged PSII, the green sectors in var2 mutants suffer from PSII photo-oxidative stress in the light (Lindahl et al. 2000 , Bailey et al. 2002 , Sakamoto et al. 2004 , Sakamoto 2006 . On the other hand, the white sectors are formed by viable cells which possess undifferentiated plastids and, thus, do not suffer from photo-oxidative stress ). We exposed var2 mutants to HL conditions and examined the relationship between the photo-oxidative stress and the respiratory properties (including the amount of AOX protein, mitochondrial enzyme activities, respiratory rates and respiratory gene expression). We also examined whether the amount of AOX protein differs between green and white sectors in var2 mutants, which are susceptible to the photo-oxidative stress and not susceptible, respectively. Based on the presented results, we suggest the possibility that the photo-oxidative stress in the chloroplast participates in the modulation of mitochondrial AOX capacity and respiratory properties.
Results

Phenotypic differences in var2 mutants
Wild type (ecotype Columbia) and var2 mutants were grown under long-day conditions. var2-1 showed severe variegation and grew more slowly than the wild type and var2-13 (Fig. 1A, B) . The phenotypic difference between two var2 mutants is due to the fact that var2-1 contains a nonsense mutation, whereas var2-13 contains a missense mutation in Walker's ATP-binding site B (Sakamoto et al. 2004) . The Chl content in var2-1 was 33% lower than that in the wild type (Fig. 1C) . Similarly, the protein content in var2-1 was 21% lower than that in the wild type (Fig. 1D) . When the leaf proteins were loaded on an equal FW basis on an SDS-polyacrylamide gel, the amounts of the photosynthetic proteins, such as Rubisco large subunit (RbcL), light-harvesting complex II (LHCII) and Rubisco small subunit (RbcS), were lower in var2-1 than in the wild type (Fig. 1E) . On the other hand, although white sectors were clearly also visible in var2-13, the Chl and protein contents in these plants were comparable with those of the wild type (Fig. 1) .
Photosynthetic electron transport and accumulation of reducing equivalents in the chloroplast in var2 mutants
We examined the photosynthetic electron transport by measuring Chl fluorescence. The maximum operating efficiency of PSII, F v /F m , was significantly lower in var2-1 even before the HL treatments (wild type, 0.783 AE 0.003; var2-1, 0.746 AE 0.011; var2-13, 0.773 AE 0.001; Fig. 2A) . Also, the decrease in F v /F m due to the HL treatment was more pronounced in var2-1 (Fig. 2A) . These results are consistent with previous reports and suggest that var2-1 suffered more from PSII photo-oxidative stress compared with the wild type and var2-13 (Bailey et al. 2002 , Sakamoto et al. 2004 ). On the other hand, the parameters measured under actinic light, such as non-photochemical quenching (NPQ), photochemical quenching (qP) and electron transport rate (ETR), in var2-1 were essentially similar with those in the wild type under both low-light (LL) and HL conditions, although qP and ETR in var2-13 were slightly higher than those in the wild type and var2-1 under HL conditions (Fig. 2B-D) .
NADP-malate dehydrogenase (NADP-MDH) is localized in the chloroplast and is involved in the redox shuttling when the reducing equivalents are accumulated in the chloroplast stroma (Scheibe 2004 , Scheibe et al. 2005 . NADP-MDH is activated by the reduction via the ferredoxin-thioredoxin system in the light (Buchanan and Balmer 2005) . Therefore, NADP-MDH is involved in the redox homeostasis in the chloroplast during photosynthesis. We measured NADP-MDH activity to assess the redox state in the chloroplast of var2 mutants. While the HL treatment enhanced the initial activity [measured before dithiothreitol (DTT) activation] in both the wild type and var2 mutants, there was no significant difference among them (Fig. 3A) . On the other hand, total activity (measured after DTT activation) was not increased by HL treatment in either the wild type or var2 mutants, but it was 1.3-to 1.5-fold higher in var2-1 compared with the wild type and var2-13 in all treatments (Fig. 3B) . The NADP-MDH activation state (initial/total activity) in var2-1 was lower than in the wild type and var2-13 (Fig. 3C) (Fig. 4A) . However, H 2 O 2 predominantly accumulated in the green sectors even under LL conditions, while there was little accumulation in the white sectors (Fig. 4B ). The same phenomenon was observed under HL conditions (data not shown). It should be noted that the white sectors are not caused by photooxidation, as they are formed by viable cells and not enlarged by light intensity ). Subsequently, we examined the content of malondialdehyde (MDA), which is derived from lipid peroxidation and is used as an indicator of oxidative damage (Hodges et al. 1999) . As the white sectors in var2 did not suffer from light stress due to the lack of thylakoid membranes (Fig. 4B) , the content of MDA was normalized based on the amount of Chl. Although the HL treatment had no significant effect on the content of MDA in any plants, the content in var2-1 was higher even under LL (Fig. 4C ).
Respiratory properties in var2 mutants
To assess respiratory properties in var2 mutants, we first examined the activities of tricarboxylic acid (TCA) cycle enzymes and cytochrome c oxidase (COX). The activities of citrate synthase (CS) and NAD-malic enzyme (NAD-ME) were comparable among the plants even after the HL treatment (Fig. 5A, B) . Similarly, the activity of COX, the terminal oxidase of the cytochrome pathway in the respiratory chain, did not differ (Fig. 5C) .
Secondly, we focused on the AOX capacity in var2 mutants. As estimated by immunoblotting, the amounts of AOX protein in var2-1 were higher than those in the wild type and var2-13, irrespective of whether it was expressed on a protein or a FW basis (Fig. 6A, B ). In addition, the HL treatment increased the amounts of AOX protein in the wild type and var2-1 (Fig. 6A, B) . To examine the AOX capacity, we measured the AOX-dependent CN-resistant respiration rate using 2 mM KCN. Whereas total respiration rates (measured in the absence of inhibitors) were statistically indistinguishable between the wild type and var2 mutants and did not show clear responses to the HL treatment ( Fig. 6C , left panel), the CN-resistant respiration rates were significantly higher in var2-1 than in the wild type, and the difference became more evident after the HL treatment ( Photo-oxidative stress and alternative oxidase
Altered respiratory gene expressions in var2 mutants under HL conditions
To examine whether respiratory genes are differentially expressed between the wild type and var2 mutants, and/or whether the expression is affected by the HL treatment, real-time PCR analysis was performed. Plant mitochondria have not only AOX but also other energydissipating respiratory components in the inner membrane, such as uncoupling protein (UCP) and type II NAD(P)H dehydrogenases . UCP may be important for efficient photosynthesis in addition to AOX, because it was suggested that UCP efficiently oxidizes glycine produced during photorespiraroy metabolism (Sweetlove et al. 2006) . NDB2, one of the type II NAD(P)H dehydrogenases, can oxidize cytosolic NADH directly, and its gene expression was supposed to be co-regulated with the AOX1a gene (Clifton et al. 2005 , Elhafez et al. 2006 ). We focused on the genes encoding these proteins, in addition to the AOX gene family. The expression levels of AOX1a, COX6b, NDB2, UCP1, UCP4 and UCP5 were relatively high among the set of analyzed genes (Table 1 ). Fig. 7 shows the relative transcript level of these genes. After the 4 h HL treatment, the transcript levels of AOX1a and NDB2 transiently increased more in var2-1 than in the wild type and var2-13 (Fig. 7A, C) . It should be noted that the AOX1a transcript level in var2-1 increased about 20-fold after the 4 h HL treatment (Fig. 7A) . The expression patterns of COX6b and UCP1 did not differ among the plants (Fig. 7B, D) . The transcript levels of UCP4 and UCP5 were higher in var2-1 than in the wild type and var2-13, but accumulated differentially in HL; the UCP4 transcript in var2-1 decreased after the HL treatment, while the UCP5 transcript increased (Fig. 7E, F) . AOX accumulates differentially in green and white sectors of var2-1 Photo-oxidative stress ( Fig. 2A) and/or H 2 O 2 accumulation (Fig. 4B ) are expected to occur mainly in the green sectors, but not in the white sectors, of var2-1. Taking account of the fact that AOX may suppress ROS generation in the mitochondria by preventing over-reduction of the ubiquinone pool, and that exogenous H 2 O 2 application induces AOX expression (Wagner 1995 , Vanlerberghe and McIntosh 1996 , Maxwell et al. 1999 , Gray et al. 2004 , Sweetlove and Foyer 2004 , it seems likely that AOX accumulates differentially between the green and white sectors of var2-1. To test this, we carefully dissected var2-1 leaves into green and white sectors and compared the amount of AOX protein before and after the HL treatment.
To generate larger variegated sectors and make the leaves easier to be dissected, var2-1 plants were cultivated under a shorter day period and higher light intensity (see Materials and Methods). The white sectors had no Chl fluorescence, confirming that they lost photosynthetic activity (Fig. 8A) . Similarly, no Chl was detectable in the dissected white sectors (data not shown). When normalized on a FW basis, the protein content in the white sectors was 33% lower than in the green sectors (data not shown). Expression of photosynthetic proteins (RbcL, LHCII and RbcS), analyzed on a FW basis, was less in the white sectors, although it remained clearly detectable (Fig. 8B) . Immunoblotting using Lhcb1 antibody also confirmed that the white sectors contain substantially reduced amounts of photosynthetic proteins (Fig. 8C, lowest panel) .
Before the HL treatment, there was no difference in the amount of AOX protein between green and white sectors (Fig. 8C, upper panel) . AOX increased more markedly in the green sectors after the HL treatment, although that in the white sectors also increased (Fig. 8C, upper panel) . To compare the AOX protein with the constitutively expressed protein in the mitochondria, an amount of porin, a voltagedependent anion channel in the mitochondrial outer membrane, was examined. The porin amounts were higher in the white sectors than in the green, and unaffected by the HL treatment in both sectors (Fig. 8C, middle panel) . This result was consistent with the previous study which demonstrated that non-photosynthetic proteins usually accumulated more in the white sectors, when normalized on a FW basis ). The ratio of AOX to porin was higher in the green compared with the white sectors, especially after the HL treatment (Fig. 8D) . This result strongly suggests that, despite the mitochondrial protein, AOX was preferably up-regulated in the photo-susceptible green sectors in var2-1.
Discussion
The respiratory system in plant mitochondria is affected by several environmental stresses Ordog 2002, Finnegan et al. 2004, Rasmusson and  Escorbar 2007). The aim of the present study is to examine whether the photo-oxidative stress in var2 mutants modulates mitochondrial respiratory systems, especially focusing on AOX.
var2-1 suffered from photo-oxidative stress
Previous reports demonstrated that F v /F m in var2 mutants decreases in response to the HL treatment (Bailey et al. 2002 , Sakamoto et al. 2004 . Similar results were obtained in the present study, but var2-1 showed lower F v /F m even before the HL treatment ( Fig. 2A) . Increased lipid peroxidation was also evident in var2-1 before the HL treatment (Fig. 4C) . Furthermore, preliminary microarray data suggested that the green sectors in var2-1 increase the expression of some stress-responsive genes encoding superoxide dismutases, heat shock proteins, and so on (Y. Kato and W. Sakamoto, unpublished data) . These results confirm that FtsH2 plays critical roles in the PSII repair cycle and protection against photo-inhibition in plants, and that, even under LL conditions, the green sectors in FtsH2-lacking var2-1 suffered from photo-oxidative stress in the chloroplast. On the other hand, the white sectors are formed by viable cells possessing morphologically normal mitochondria, but lacking a functional photosynthetic apparatus ). H 2 O 2 generation in the white sectors in the light is negligible compared with that in the green sectors (Fig. 4B) . This result suggests that ROS (O 2 À and H 2 O 2 ) generation in the mitochondrial respiratory chain in non-photosynthetic cells is minor under light conditions. Photoinhibition of PSII is caused by an imbalance between the rate of photodamage to PSII and the rate of the repair of damaged PSII (Anderson and Aro 2001, Murata et al. 2007 ). The photo-oxidative stress (reflected by the decrease in F v /F m ) in var2-1 was mainly attributed to the retardation of the repair of damaged PSII due to the lack of FtsH2. On the other hand, it is unclear whether the rate of photodamage to PSII by ROS was accelerated in var2-1. It has been generally accepted that over-reduction of the photosynthetic electron transport chain in the thylakoid membrane causes the ROS generation via the reduction of oxygen in PSI and charge recombination of P680 þ in PSII, which results in irreversible photo-oxidative damage (Asada 1999, Anderson and Aro 2001) . In the present study, the over-reduction of the photosynthetic electron transport chain and stroma did not accompany the photo-oxidative stress in var2-1 (Figs. 2, 3) . However, it is probable that suboptimal electron transfer within PSII of var2-1, as a result of the inability of these plants to perform efficient D1 protein turnover, leads to ROS generation. We could not quantify ROS in the present study. Thus, it is unclear whether the modulations of AOX and other energydissipating respiratory pathways (see below) were mediated by ROS signaling. Future work is required to clarify the molecular mechanism whereby these respiratory genes sense the photo-oxidative stress in the chloroplast.
AOX up-regulation in var2-1
While the activities of TCA cycle enzymes and COX did not differ among the plants (Fig. 5) , the AOX capacity and AOX1a transcript level under HL stress dramatically increased in var2-1 (Figs. 6, 7A ). The expression patterns of some genes encoding other energy-dissipating respiratory pathways were also modified in var2-1 (Fig. 7) . These results strongly suggest that photo-oxidative stress is involved in the regulation of mitochondrial respiratory properties, especially in AOX up-regulation. This idea is further supported by the experiments using var2-1 leaves divided into green and white sector tissue sections (Fig. 8) . In var2-1, most of the non-plastid (including mitochondrial) proteins accumulate more in the white than in the green sectors ). Indeed, the amount of mitochondrial porin on a FW basis was larger in the white than in the green sectors (Fig. 8C ). This may be attributable to the fact that the white sectors lack the developed plastids and contain a larger number of mitochondria than the green sectors ). Nevertheless, the increase in the amount of AOX protein by the HL treatment was more pronounced in the green sectors (Fig. 8C) . When normalized by amount of porin, the differences in the amount of AOX protein between the two sectors were more striking (Fig. 8D) . These results suggest that AOX was largely up-regulated in the photo-susceptible green sectors and this up-regulation was not a result of an overall increase in mitochondrial proteins. A slight increase in AOX protein by the HL treatment was observed even in the white sectors (Fig. 8C) . The underlying mechanism for this result is unknown, but it may be explained by some systemic regulation or factors other than photo-oxidative stress (e.g. photoreceptor-mediated signals; Karpinski et al. 1999 , Escobar et al. 2004 ).
There are multiple factors that regulate respiratory gene expression in illuminated leaves
It has been demonstrated that some energy-dissipating respiratory pathways, not only AOX, are regulated under a number of environmental conditions, such as light and/or chilling (Svensson and Rasmusson 2001 , Escobar et al. 2004 ). The present study demonstrated that the gene expression of these respiratory pathways was modified in var2-1 (Fig. 7) . Among the highly expressed genes, the expression patterns of AOX1a and NDB2 were similar (Fig. 7A, C) . This result is consistent with the observation that these genes have common sequence elements in their upstream promoter regions, and show coordinated responses to some stress treatments (Clifton et al. 2005) . After the 4 h HL treatment, the transcript levels of AOX1a and NDB2 were higher in var2-1 (Fig. 7A, C) , indicating that photo-oxidative stress may be involved in the regulation of their gene expression. The expression patterns of UCP1 were similar between the wild type and var2 mutants (Fig. 7D) . It has been demonstrated that UCP1 is essential for the oxidation of glycine produced during photorespiration (Sweetlove et al. 2006) . Therefore, UCP1 may be expressed constitutively even under nonstressful conditions. Even under LL condition, the transcript levels of UCP4 and UCP5 were higher in var2-1 than those in the wild type and var2-13 (Fig. 7E, F) . Furthermore, the expression patterns of UCP4 and UCP5 after the HL treatments differed from those of AOX1a and NDB2 (Fig. 7) . These results suggest that there may be distinct signal transduction pathway(s) for the regulation of each set of respiratory genes. These distinct regulations of respiratory gene expressions may partly enable the respiratory chain to acclimate to fluctuating environments more flexibly.
Conclusion
We demonstrated that chloroplastic photo-oxidative stress affects mitochondrial AOX capacity and respiratory properties, at least in the case of var2-1. This scheme may provide an important role for plant acclimation to variable light environments. In the future, we need to measure the electron flux to AOX by the 18 O discrimination technique, to understand the in vivo contribution of AOX more precisely.
It is worth noting that mitochondrion to nucleus retrograde signaling also plays an important role in stress tolerance in plants, although the responsible signal transduction pathways have not yet been fully identified Foyer 2004, Rhoads et al. 2006) . The mitochondrial respiratory chain is likely to be more reduced under light conditions, due to the photorespiratory metabolism and the redox shuttling from the chloroplasts. Thus, in addition to their function as energy-converting systems, both electron transport chains (in the chloroplast and mitochondrion) can work as signal-transducing systems for the modification of respiratory properties in illuminated leaves. This highlights the complexity and flexibility of the mitochondrial antioxidant defense systems.
Materials and Methods
Plant materials and HL treatment
Arabidopsis thaliana wild type (ecotype Columbia) and var2 mutants were cultured in soil under LL conditions; 30-50 mmol photons m À2 s
À1
, 16/8 h light/dark cycle and 22-238C. Plants just before bolting were subjected to the experiments (wild type and var2-13; 4-5 weeks after seeding, var2-1; 7-8 weeks after seeding). For the HL treatments, plants were transferred to 320 mmol photons m À2 s À1 light 2-3 h after the beginning of the light period.
For the experiment to divide leaves into green and white sector tissue sections, var2-1 was also cultivated at 70-80 mmol photons m À2 s
, 12/12 h light/dark cycle and 22-238C. var2-1 grown under these conditions developed larger leaves, which allowed us to separate the green and white sectors more precisely (Fig. 8A) . Using a small blade, the leaves were carefully divided into green and white sectors before and after the HL treatments (contaminated parts were discarded). These leaf fragments were subsequently used for SDS-PAGE and immunoblotting.
Measurements of Chl and protein contents
Chl content was determined spectrophotometrically after extraction with 80% (v/v) acetone according to Porra et al. (1989) . Protein content was determined according to Peterson (1977) .
Measurements of Chl fluorescence
Chl fluorescence was measured using a PAM (pulseamplitude modulation) fluorometer (PAM-101, Waltz, Effeltrich, Germany). The measurement procedure was described in our previous study (Yoshida et al. 2007 ). The two-dimensional Chl fluorescence image was obtained using a Handy FluorCam (Photon Systems Instruments, Ltd, Brno, Czech Republic).
Estimation of oxidative stress
H 2 O 2 detection by DAB staining was performed according to Thordal-Christensen et al. (1997) . A leaf was vacuum-infiltrated with 1 mg ml À1 DAB (pH 3.8) and then incubated under dark, LL (40 mmol photons m À2 s
À1
) or HL (320 mmol photons m À2 s À1 ) conditions for 1 h. After that, the leaf was decolorized by incubation in ethanol at 708C for 10 min. H 2 O 2 is visualized as a reddish-brown color.
MDA contents were measured by an improved assay of thiobarbituric acid-reactive substances according to Hodges et al. (1999) .
Enzyme assays
Enzymes in the soluble fraction were extracted from the leaves as previously described (Yoshida et al. 2007 ). The initial and total activities of NADP-MDH in the chloroplast were determined according to Dutilleul et al. (2003) . The activities of CS and NAD-ME in mitochondria were determined according to MacDougall and ap Rees (1991) and Millar et al. (1998) , respectively. Extraction and activity measurement of COX were performed as previously described (Hendry 1993 , Yoshida et al. 2007 ).
SDS-PAGE and immunoblotting
Protein extraction from whole leaf tissue was performed as previously described (Yoshida et al. 2007 ). The extracted proteins were separated by 12.5% SDS-PAGE according to Laemmli (1970) . The gel was stained with Coomassie Brilliant Blue R-250.
For immunoreaction experiments, proteins were transferred to a polyvinylidene fluoride membrane (Hybond-P, Amersham, Piscataway, NJ, USA). Immunodetection of AOX was performed with the AOA monoclonal culture supernatant reacting with AOX at a dilution of 1 : 50 (Elthon et al. 1989 ). Immunodetection of porin was performed with the monoclonal culture supernatant reacting with porin at a dilution of 1 : 500 (PM035, from Dr. Tom Elthon, Lincoln, NE, USA). Immunodetection of Lhcb1 was performed with the polyclonal culture supernatant reacting with Lhcb1 at a dilution of 1 : 5,000 (Agrisera, Va¨nna¨s, Sweden). Chemiluminescence was used for detection of horseradish peroxidase-conjugated secondary antibodies and visualized using LAS 1000 (Fuji, Tokyo, Japan). The blots were quantified using IMAGE GAUGE v 3.0 software (Fuji).
Leaf respiration measurement
Leaf respiration rates were measured using a Clark-type O 2 electrode (Rank Brothers, Cambridge, UK) as previously described (Yoshida et al. 2007 ). The detached leaves were kept above the stirrer bar and electrode surface by a piece of nylon mesh. Reaction medium contained 100 mM sucrose, 50 mM HEPES, 10 mM MES (pH 6.6) and 0.2 mM CaCl 2 . The CN-resistant respiration rates were measured in the presence of 2 mM KCN.
RNA isolation and real-time PCR analysis
Total RNA was extracted from frozen leaves using the TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) according to the manufacturer's instructions for preventing the contamination of the proteoglycan and polysaccharide. Transcriptional levels were measured using a 7300 Real Time PCR System (Applied Biosystems, Foster City, CA, USA). cDNA (1 ml) was amplified in the presence of 12.5 ml of 2Â Power SYBR Green PCR Master Mix (Applied Biosystems), 0.5 ml of specific primers (final concentration 0.2 mM) and 10.5 ml of sterilized water. PCR conditions were 508C for 2 min, 958C for 10 min, and 40 cycles of 958C for 15 s followed by 608C for 1 min. The transcript levels presented in Fig. 7 were based upon the number of amplification cycles required to meet a fluorescence threshold (Ct).
The primer sequences used for real-time PCR are depicted in Supplementary Table S1 . Some primer sequences were designed according to previous studies (AOX1a-c, 2, Saisho et al. 1997 , Huang et al. 2002 AOX1d, Thirkettle-Watts et al. 2003; UCP1, 2, Escobar et al. 2004; UCP3, Escobar et al. 2006; UCP4, Boreckyé t al. 2006; NDB2, Clifton et al. 2005) .
Statistical analyses
For the data shown in Figs. 1 and 2 , Tukey-Kramer's multiple comparison test was conducted among the lines. For the data shown in Figs. 3-8 , two-way analysis of variance (ANOVA) was conducted. The results of two-way ANOVA are shown in Supplementary Table S2 .
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